INTRODUCTION
Ubiquitination-dependent protein degradation in the proteasome plays key roles in almost every important biological process (Hershko and Ciechanover, 1998; Kerscher et al., 2006) . In the final step of polyubiquitin conjugation, ubiquitin ligase recruits the substrate protein and catalyzes formation of polyubiquitin chains on substrate lysine residues. One major class of ubiquitin ligases is a large multisubunit complex mediated by the Cullin family scaffold protein (Petroski and Deshaies, 2005) . Cullins share a homologous C terminus that binds the RING-finger protein Rbx1, but diverge at the N-terminal substrate-recruiting domain. The best-characterized Cullinbased ubiquitin ligase is the SCF complex (for Skp1-Cullin1-F-box protein complex) that recognizes and ubiquitinates phosphorylated substrates through a large family of F-box adaptor proteins (Cardozo and Pagano, 2004; Deshaies, 1999) . Most eukaryotic genomes encode at least six Cullins (Cul1, 2, 3, 4A, 4B, and 5), and their ubiquitin ligase activities are crucial for a variety of important biological processes. It is not known whether any of the Cullin-based ubiquitin ligases are involved in regulating the actin cytoskeleton dynamics.
Similar to Cul1 in the SCF complex, the C-terminal region of Cul3 associates with Rbx1 and its N-terminal domain binds the BTB domain in BTB domain-containing substrate-recruiting adaptors (Furukawa et al., 2003; Geyer et al., 2003; Pintard et al., 2003; Xu et al., 2003) . Only a few ubiquitination substrates and corresponding BTB proteins have been identified. The Cul3/ Keap1 complex promotes ubiquitination of the transcription factor Nrf2 to control expression of antioxidant genes upon oxidative stress (Cullinan et al., 2004; Furukawa and Xiong, 2005; Kobayashi et al., 2004) , the Cul3/KLHL12 complex regulates the Wnt signaling in development via ubiquitination and degradation of Disheveled (Angers et al., 2006) , and the recently identified Cul3/KLHL9/KLHL13 complex is essential for a normal mitosis by targeting Aurora B from mitotic chromosomes for degradation (Sumara et al., 2007) . Model eukaryotic organisms (except for yeast) contain dozens or hundreds of BTB proteins that often harbor an additional protein-protein interaction module(s) (Stogios et al., 2005) . Thus, Cul3-based ubiquitin ligase complex likely controls a large number of additional conserved pathways via proteasome-dependent substrate degradation. Cul3 is essential for early embryonic development in all tested genetic models, including C. elegans, Drosophila melanogaster, mouse, and even Arabidopsis thaliana (Figueroa et al., 2005; Kurz et al., 2002; Mistry et al., 2004; Singer et al., 1999) . However, biochemical understandings of ubiquitination substrates and related BTB proteins for Cul3 complex involved in early embryonic development are lacking.
Rho GTPases are molecular switches to control a variety of signaling pathways in eukaryotes (Jaffe and Hall, 2005; Ridley, 2006) . RhoA, Rac, and Cdc42, the three best-characterized Rho family members, regulate three separate signaling cascades converged to organization of distinct actin cytoskeleton structures. Specifically, RhoA activation leads to assembly of the contractile actin and myosin filaments structure known as stress fiber; Rac1 promotes formation of actin-rich surface protrusions called lamellipodia; activation of Cdc42 induces filopodia, actin-rich and finger-like structures protruding from the cell membrane (Hall, 1998) . Rho GTPases cycle between GTPbound ''on'' state and GDP-bound ''off'' state, which is catalyzed by guanine-nucleotide exchange factors and GTPase-activating proteins. Rho GTPases might also be subjected to regulation by ubiquitin-mediated proteasomal degradation (Doye et al., 2002) . However, information about regulation of Rho GTPases by the ubiquitin-proteasome pathway is scarce. Smurf1, a HECT domain ubiquitin ligase, is the only known ubiquitin ligase that targets RhoA at the specific cellular protrusion, but cells lacking Smurf1 do not show impaired degradation and an elevated level of total RhoA (Wang et al., 2003) . Rho GTPasecontrolled actin cytoskeleton dynamics are a basic determinant of cell morphology and establishment of cell polarity and also provide driving forces for various dynamic cellular processes, including cell migration (Jaffe and Hall, 2005; Ridley, 2006) . In early development, plasticity of the actin cytoskeleton is also significant due to the required massive and dynamic cell shape changes and movements of embryonic cells, especially in gastrulation and dorsal closure (Hall and Nobes, 2000) . In these processes, rapid actin reorganization in response to developmental cues is mediated by the highly conserved Rho GTPases (Choi and Han, 2002; Kolsch et al., 2007; Settleman, 2001; Tahinci and Symes, 2003; Wunnenberg-Stapleton et al., 1999; Ybot-Gonzalez et al., 2007) .
In this study, we demonstrate that the Rho family small GTPase RhoA is a direct target of Cul3-based ubiquitin ligase complexes, and cells lacking Cul3 show impaired ubiquitination and degradation of RhoA and exhibit remarkable abnormal actin stress fibers. Using RNAi screen in Drosophila Schneider 2 (S2) cells, we identify a family of BTB proteins conserved from insects to higher eukaryotes, designated BACURDs. Knockdown of BACURDs results in similar abnormal actin stress fibers and markedly increased RhoA protein level. BACURDs form ubiquitin ligase complexes with Cul3, which specifically recruit and ubiquitinate RhoA, in vitro and in vivo. Loss of a functional Cul3/BACURD complex inhibits migration potential of cultured mouse and human cells and leads to defective RhoA-mediated convergent extension movements and multiple RhoA-associated gastrulation defects in developing Xenopus embryos.
RESULTS

RNAi Knockdown of Cul3 Leads to Remarkable and Abnormal Actin Stress Fibers in Cultured Human Cells
We started with RNAi-mediated loss-of-function studies of Cul3 in the cell culture system. Among thirteen human Cul3 (hCul3)-targeting shRNAs tested, two of them (hCul3_shRNA 1# and hCul3_shRNA 2#) markedly reduced the exogenous Flag-Cul3 in 293T cells and endogenous Cul3 in HeLa cells ( Figure 1A , left panels). When hCul3_shRNA 1# was either transiently or stably expressed in HeLa cells by retrovirus infection ( Figure 1A , right panels), densely packed actin stress fibers appeared in greater than 90% of knockdown cells (for stable knockdown cells, see Figure 1B and light blue columns in Figure 1C ; for transient knockdown, see Figure 1F and dark blue columns in Figure 1C ). In contrast, control cells harboring an empty vector displayed a normal punctuate distribution of filamentous actin. Similar phenomena were observed with hCul3_shRNA 2# (data not shown). Two other shRNAs that gave little knockdown did not stimulate evident stress fiber formation ( Figures S1A-S1C) . Consistently, nearly all HeLa cells treated with either of two independent hCul3-specific siRNAs (hCul3_siRNA A and hCul3_siRNA B) ( Figure 1D ) developed similar abnormal stress-fiber structures ( Figure 1E and median blue columns in Figure 1C ). The stress fiber phenotype in GFPmarked RNAi cells (hCul3_shRNA 1#) was efficiently rescued by expression of the RNAi-resistant version of hCul3 ( Figure 1F and dark blue columns in Figure 1C ). Interestingly, Drosophila Cul3 (dCul3) could also efficiently block the stress fiber phenotype in Cul3 knockdown cells ( Figure 1F and dark blue columns in Figure 1C ). These data firmly establish that reduction of the cellular Cul3 level induces formation of remarkable and abnormal actin stress fibers.
Formation of Actin Stress Fibers in Cul3-Depleted Cells Is RhoA Dependent Activation of the RhoA pathway is responsible for stress fiber formation, which requires cooperative activation of two downstream effectors, ROCK and mDia (Leung et al., 1996; Watanabe et al., 1997 Watanabe et al., , 1999 (Figure S2 ). Y-27632, a potent and specific ROCK inhibitor (Uehata et al., 1997) , efficiently blocked actin stress fibers in 70% of hCul3 RNAi HeLa cells, and expression of a dominant-negative RhoA mutant (RhoA N19) also gave a similar effect ( Figures 2A and 2B) ; YopT, a potent bacterial toxin that inactivates RhoA through a proteolytic removal of the lipid membrane anchor of the GTPase (Shao et al., 2002) , completely abolished actin stress fibers in Cul3 RNAi cells in its protease activity-dependent manner (Figures 2A and 2B) . Furthermore, reduction of RhoA, but not RhoB and RhoC, by siRNA ( Figure S3 ) blocked the stress fiber formation in Cul3 RNAi cells ( Figures 2C and 2D ). These data together suggest the requirement of RhoA activity for the development of remarkable and abnormal actin stress fibers in Cul3-depleted cells.
The RBD pull-down assay (Ren and Schwartz, 2000) was then employed to measure the amount of activated RhoA (RhoA-GTP). As shown in Figure 3A , the level of RhoA-GTP is markedly elevated in Cul3 RNAi cells compared to that in control cells. Rho activation turns on transcription of the SRE-driven luciferase through the transcription factor SRF (Hill et al., 1995) . Consistently, about 4.5-fold elevation of the SRE-luciferase activity was observed in hCul3 shRNA HeLa cells (data not shown). Moreover, overexpression of RhoA resulted in expected similar stress fibers that largely mimicked the effect of Cul3 knockdown ( Figure S4 ). These data suggest that RNAi depletion of hCul3 in human cells leads to RhoA activation, which in turn induces excessive actin stress fiber formation. We also noticed that Cul3 knockdown HeLa cells became larger, and a significant percentage of them ($16%) contain multiple nuclei ( Figure 1B) , a phenomenon frequently seen in cells with excessive RhoA activation.
Impaired Ubiquitination and Degradation of RhoA in Cul3-Depleted HeLa and Drosophila S2 Cells While measuring amounts of RhoA-GTP in Cul3 RNAi cells, to our surprise, we found that the steady level of endogenous RhoA increased significantly in hCul3 RNAi HeLa cells compared with that in control cells ( Figures 3A and 3B ). In contrast, levels of other closely related small GTPases, including RhoB, RhoC, Rac, and Cdc42, remained unchanged ( Figure 3B ), agreeing with the absence of Rac/Cdc42-associated actin cytoskeleton phenotypes in Cul3 RNAi cells. Specific recognition of the endogenous Rho was validated by RhoB-and RhoC-targeting siRNAs ( Figure S3 ). Accumulation of RhoA in Cul3 knockdown cells was also evident from the brighter immunofluorescence signal of RhoA staining ( Figure S5 ). Higher protein level may result from transcriptional upregulation or increased protein stability. In contrast to over 10-fold decrease of hCul3 transcripts, the mRNA level of RhoA in hCul3-depleted HeLa cells stayed at the level similar to that in the control cells ( Figure 3C ). We then measured RhoA protein stability in Cul3 RNAi cells. Following cycloheximide (CHX) treatment to block new protein synthesis, the level of RhoA decreased to half within 4-6 hr in control cells, while no significant reductions were observed until 12 hr in Cul3 RNAi cells ( Figure 3D ). This suggests that RhoA degradation was severely impaired in Cul3 knockdown cells.
Reintroduction of RNAi-resistant Cul3 mutants deficient in either BTB adaptor binding (DN41) or Rbx1 association (DRbx1) (Furukawa et al., 2003) into Cul3 RNAi cells failed to reverse the elevated RhoA protein level ( Figure S6A ) and to block development of the strong actin stress fibers (Figures S6B and S6C) . Block of the proteasome activity by MG132 led to an increased level of endogenous RhoA (Hoffmann et al., 2007; Lanning et al., 2004 ) ( Figure 3E , left panels), but had little effect in cells lacking Cul3 ( Figure 3E , right panels). Indeed, polyubiquitinated species of RhoA were readily detected when endogenous RhoA was immunoprecipitated under denaturing conditions from MG132-treated cells ( Figure 3F ; compare lane 1 and 3). However, levels of polyubiquitin-modified RhoA were greatly attenuated by hCul3 siRNA treatment ( Figure 3F ; compare lane 1 and 2). As knockdown of the only reported RhoA ubiquitin ligase, Smurf1, has no effect on the total cellular level of endogenous RhoA (Wang et al., 2003) , our data suggest that Cul3-based ubiquitin ligase complex plays a dominant role in controlling proteasome-dependent degradation of RhoA in cells.
Drosophila Cul3 could complement hCul3 in rescuing Cul3 RNAi-induced actin stress fiber phenotype (Figures 1C and 1F) . Indeed, double-strand RNA (dsRNA)-mediated knockdown of dCul3 in S2 cells also led to an increased dRho1 protein level (RhoA ortholog in Drosophila), but did not affect dRho1 mRNA level ( Figures S7A and S7C ). This effect was not seen with Drosophila Cdc42 (dCdc42) ( Figure S7A ) and was further confirmed by the much stronger immunofluorescence staining signal of dRho1 in dCul3 knockdown cells ( Figure S7B ) (the dRho1 staining signal was validated by dRho1 dsRNA treatment). These results indicate that Drosophila S2 cells employ Table S2 ). Cells were lysed at the indicated time after cycloheximide (CHX) treatment, and shown are RhoA and tubulin immunoblots of total cell lysates. (E) Effects of MG132 treatment on RhoA protein level in hCul3 knockdown cells. Intact HeLa cells (left) or HeLa cells transfected with scramble siRNA or hCul3_siRNA A (right) were treated with DMSO (0) or MG132 at the indicated concentration for 4 hr prior to cell lysis. Immunoblots of total cell lysates are shown. (F) Immunoblotting assays of effects of Cul3 knockdown (hCul3_siRNA A) on in vivo ubiquitination of RhoA. Endogenous RhoA was immunoprecipitated under denaturing conditions from MG132-treated HeLa cells using RhoA or a control antibody. The immunoprecipitates were analyzed by anti-ubiquitin (Ub) and antiRhoA (RhoA) immunoblotting. RhoA-Ub(n) denotes polyubiquitinated forms of RhoA. The lower two panels show knockdown of Cul3 and a tubulin loading control.
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Ubiquitination of RhoA by the Cul3/BACURD Complex a similar mechanism involving a dCul3-based ubiquitin ligase to control proteasome-dependent degradation of dRho1.
Identification of the Conserved BACURD Family of BTB Proteins Involved in RhoA Accumulation and Stress Fiber Formation Induced by Cul3 Knockdown Cul3DN41 failed to complement the function of Cul3 in regulating RhoA and RhoA function ( Figure S6 ), suggesting the requirement of certain BTB domain adaptors for Cul3-dependent RhoA degradation. In contrast to nearly 200 BTB proteins in humans, D. melanogaster has less than 80 BTB proteins (http://btb. uhnres.utoronto.ca) (Stogios et al., 2005) . Out of dsRNAs for a total of 69 Drosophila BTB proteins obtained and assayed, administration of one dsRNA, corresponding to the Drosophila gene CG10465, gave a significant and repeatable increase in the steady protein level of dRho1, but not dCdc42 ( Figure S8A ). Quantitative real-time PCR (qRT-PCR) measurements not only verified the knockdown efficiency of CG10465 dsRNA, but also indicated an unaffected dRho1 mRNA level ( Figure S8B ). These data suggest that the Drosophila BTB protein encoded by CG10465 may mediate dCul3-dependent dRho1 degradation. Hence, we name the protein product of CG10465 Drosophila BACURD (dBACURD), for BTB-containing adaptor for Cul3-mediated RhoA degradation, hereafter.
Sequence analysis suggests that dBACURD belongs to a family of BTB proteins highly conserved from insects to mammals with one member in D. melanogaster (dBACURD), two in Xenopus laevis (named xBACURDa and xBACURDb), and three each in mouse and human (named BACURD1, 2, and 3) ( Figure S9 ). BACURDs contain an N-terminal BTB domain followed by a C-terminal region of about 180 residue sequence with no recognizable motifs. The sequence similarity between dBACURD and hBACURDs is about 60%, and the three hBACURDs are about 70% homologous to each other, with sequence divergences mainly located at the two extreme termini.
No BACURDs have a defined biochemical or biological function. Transcripts of only hBACURD1 and hBACURD2 could be detected in HeLa cells (data not shown). HeLa cells transfected with either hBACURD1 or hBACURD2 siRNA ( Figure 4B ) contained a higher level of RhoA (but not Cdc42) ( Figure 4A ) and an unchanged RhoA mRNA level ( Figure 4B ). Also, similarly, to Cul3 knockdown, siRNA knockdown of either hBACURD led to remarkable actin stress fibers ( Figures 4C and 4D ) as well as increased protein stability of endogenous RhoA ( Figure 3D ). Meanwhile, RNAi of other BTB proteins, such as Aurora B-targeting KLHL9 and KLHL13, did not affect RhoA level and the actin stress fiber structure (data not shown). Double knockdown of hBACURD1 and hBACURD2 appeared to have some additive effects on both the total RhoA level ( Figure 4A) and RhoA-GTP level ( Figure S10 ). Consistently, a further increase of RhoA stability was observed in hBACURD double-knockdown cells ( Figure 3D ). These data strongly suggest that the BACURD family of BTB proteins shares a similar function as Cul3 in controlling RhoA degradation and in regulating RhoA-associated actin cytoskeleton structure.
We then investigated whether hBACURD functions together with Cul3 in regulating RhoA and RhoA function. EGFP-tagged hBACURD1 and hBACURD2, but not EGFP alone, were readily coimmunoprecipitated with Flag-hCul3 in 293T cells ( Figure 4E ). The Cul3/BACURD interaction was independent of the presence of RhoA ( Figure S11 ). Mutations in the BTB domain of BACURDs modeled and predicted from the SCF complex structure (Xu et al., 2003) S12B ). Endogenous RhoA was apparently precipitated together with either Flag-hBACURDs from these cell lines ( Figure S12C ). The transiently expressed Flag-hBACURDs and HA-RhoA WT or N19 were more easily coimmunoprecipitated ( Figure 5A ). The interaction is specific to RhoA, as BACURDs did not coimmunoprecipitate with Rac1 or Cdc42 (data not shown). Recombinant GST-RhoA was capable of binding bacterially purified MBP-hBACURD1 or hBACURD2 in vitro ( Figure 5B ), indicating a Cul3-independent physical association between RhoA and hBACURDs. The RhoA-binding region was mapped to the C-terminal domain of hBACURDs ( Figure S13 ). Notably, hBACURDs prefer to coimmunoprecipitate with RhoA N19 (Figure 5A ), which likely mimics the conformation of RhoA-GDP. We then assayed in vitro binding between MBP-BACURDs and purified WT RhoA loaded with GTP or GDP or treated it with EDTA to obtain the Mg 2+ -free form that adopts a conformation similar to the nucleotide-free state (Shimizu et al., 2000; Soundararajan et al., 2008) . As shown in Figure 5B , MBP-BACURD1 or -BACURD2 appeared to selectively precipitate RhoA-GDP versus RhoA-GTP and Mg 2+ -free RhoA. This result clearly suggests that BACURDs use the C-terminal domain to directly bind RhoA, which has a preference for RhoA-GDP.
Furthermore, Flag-hCul3 readily coimmunoprecipitated HARhoA N19 from 293T cells in the presence of EGFP-hBACURDs, but not the Cul3-binding-deficient mutant EGFP-hBACURD m s ( Figure 5C ). Despite numerous antibody generation tries, we were only able to obtain an hBAUCRD2 peptide antibody that is limited to detect the total endogenous hBACURD2, as validated by two independent hBACURD2 and hBACURD1 siRNAs ( Figure S14 ). Using this antibody, both hBACURD2 and RhoA were found to be specifically present in the endogenous Cul3 immunoprecipitates from HeLa cells ( Figure 5D ). These data strongly suggest that Cul3, BACURD, and RhoA could form a trimeric complex in cells.
We then carried out in vitro ubiquitination reactions using His33Flag-RhoA N19, GST-hCul3/Rbx1, His-33HA-hBACURD1/2, and the hCul3/Rbx1/hBACURD complexes purified from insect cells. Flag-RhoA N19, immunopurified from the reaction mixtures under denaturing conditions, was found to be readily and heavily polyubiquitinated following the ubiquitination 
Ubiquitination of RhoA by the Cul3/BACURD Complex (C) Trimeric complex formation of exogenous hCul3, hBACURDs, and RhoA in cells. HA-RhoA N19, Flag-hCul3, and indicated GFP-tagged hBACURDs or their BTB domain mutants were cotransfected into 293T cells. Flag immunoprecipitates (Flag-IP, upper three panels) and total cell lysates (Input, lower two panels) were blotted using indicated antibodies. hBACURD1 m and hBACURD2 m are Cul3-binding deficient mutants identified in Figure 4E .
(D) Endogenous RhoA, hBACURD2, and hCul3 form a complex. Lysates of intact HeLa cells were subjected to immunoprecipitation using the Cul3 antibody or the control IgG. Cell lysates prior to immunoprecipitation (Input) and the immunoprecipitates (IP) were blotted using the indicated antibodies. (E and F) In vitro ubiquitination of RhoA by the Cul3/hBACURD complex. Recombinant complexes of GST-hCul3/Rbx1, GST-hCul3/Rbx1/hBACURD1, or GST-hCul3/Rbx1/hBACURD2 purified from insect cells were used in ubiquitination assays supplemented with indicated components. Ubiquitinated forms of Flag-RhoA were immunoprecipitated by Flag antibody under denaturing conditions and blotted with ubiquitin antibody (top panel). RhoA-Ub(n) and RhoA-Ub
Ubiquitination of RhoA by the Cul3/BACURD Complex reaction ( Figure 5E ). Omission of either hCul3 or hBACURDs from the reaction abolished RhoA ubiquitination (Figures 5E and 5F). We also performed ubiquitination assays using WT RhoA loaded with GTP or GDP or the Mg 2+ -free form. Consistent with the binding results ( Figure 4B ), robust ubiquitination activities were observed with RhoA-GDP, and the other two forms of RhoA were much poorer substrates in this assay (Figures 5F and S15A). The dCul3/Rbx1/dBACURD complex purified from Sf9 cells also exhibited robust ubiquitin ligase activities toward the dRho1 protein ( Figure S15B ). These results provide direct evidence that RhoA is a direct ubiquitination target of the Cul3/ BACURD complex, and the preference for RhoA-GDP further suggests that activity of the Cul3/BACURD complex likely limits the amount of RhoA-GDP or a specific pool of RhoA-GDP in cells that otherwise could be activated by RhoGEFs.
Dysfunction of the Cul3/BACURD Complex Attenuates the Migration Potential of MEF and HeLa Cells
RhoA-controlled actin cytoskeleton dynamics determine cell migration potential and provide driving forces for cell movement, including that in cancer progression (Ridley, 2006) . Our above data indicate a housekeeping-type role of the Cul3/BACURD/ RhoA axis in maintaining an appropriate level of RhoA in cells. Thus, we hypothesized that the ability of cells to migrate should be attenuated in the absence of a functional Cul3/BACURD complex. To this end, the Boyden chamber assay was employed to examine cell migration properties. In MEF cells, siRNA knockdown of mCul3 ( Figure S16A ) led to severe migration defects that could be rescued by simultaneous knockdown of mRhoA (Figures S16B, S17A, and S17B). Transcripts of all three mouse BACURDs were detected in MEF cells (data not shown). Striking migration defects were observed in MEF cells treated with mBACURD1 or mBACURD3 siRNA, and cells transfected with mBACURD2 siRNA showed a negligible weak defect (Figures S17A and S17B). Variations of migration defects among the three mBACURD knockdown cells appeared to correlate well with differential silencing efficiencies of the corresponding siRNAs ( Figure S16C ). Treatment of MEF cells with all three mBACURDs at the same time gave slightly more severe migration defects than the individual mBACURD1 or mBACURD3 knockdown. These results suggest an important role of the Cul3/BACURD complex in controlling cell migration potential and also highlight its evolutionary conservation in mouse cells.
Cell migration is key to many biological processes, including cancer cell metastasis, would healing, and embryonic development. In the Boyden chamber assay, severely impaired migrations were also observed in the tumorigenic HeLa cells treated with siRNAs targeting hCul3, hBACURD1, or hBACURD2 ( Figures 6A and 6B) . Overexpression of RhoA resulted in an expected similar migration phenotype ( Figures S17C and  S17D ). Double knockdown of hBACURD1 and hBACURD2 gave a slightly more severe defect than individual knockdown. Similar to stress fiber formation, migration defects caused by Cul3 knockdown could be rescued either by expression of the RNAi-resistant hCul3 or by simultaneous knockdown of hRhoA. hBACURD knockdown-triggered migration defects were also reversed by reintroducing the RNAi-resistant version of the corresponding BACURD gene (Figures 6A and 6B) . Moreover, the ''wound healing'' properties of hCul3 or hBACURD RNAi HeLa cells were severely affected, and reduction of the RhoA level by siRNA also blocked the ''would healing'' defects in hCul3 RNAi cells (Figure 6C and 6D) . Taken together, these results suggest that the Cul3/BACURD complex plays an important role in controlling cell migration potential by maintaining an appropriate cellular level of RhoA.
The Cul3/BACURD Complex Is Critical for RhoA-Mediated Convergent Extension during Gastrulation in Xenopus Embryos
In early Xenopus embryos, overexpression of either RhoA L63 or N19 leads to defective convergent extension cell movement and multiple anterior and axial gastrulation phenotypes (Tahinci and Symes, 2003) . As both Xenopus BACURDs interacted with Cul3 and RhoA N19 in heterologous 293T cells in a manner similar to hBACURDs ( Figure S18A ), we asked whether loss of xBACURDs could affect RhoA-mediated convergent extension cell movements during Xenopus gastrulation. Antisense Morpholino oligonucleotide (MO) capable of blocking in vitro translation of the xBACURD mRNA ( Figure 7A ) was used to silence expression of endogenous xBACURDs in Xenopus embryos. The classical Keller explant assay (Keller, 1991) was carried out to directly examine the axial mesoderm cell movement. Whereas open-faced Keller explants from control MO-injected embryos continued to elongate, explants from xBACURD MO-injected embryos stopped elongating and behaved similarly to those from RhoA L63-overexpressing embryos reported previously (Tahinci and Symes, 2003) or obtained in our hands (Figures 7B and 7C) . Almost all the reported convergent extension phenotypes in Xenopus are caused by dysfunction of signaling pathways upstream of Rho GTPases (Kuhl, 2002) or direct manipulations of Rho GTPase activities (Tahinci and Symes, 2003; Wallingford et al., 2002) . Our results clearly demonstrate that depletion of xBACURDs inhibits RhoA-dependent convergent extension cell movement of the axial mesoderm in Xenopus.
A significant portion of xBACURD MO-treated embryos or embryos injected with dominant-negative mutants of BACURD mRNA exhibited multiple anterior and axial gastrulation defects despite the normal development during cleavage (Figures 7D  and S18B ; Table S1 ). MO-induced phenotypes were blocked by coinjection of MO-resistant EGFP-xBACURD mRNA (Figure 7D) . Anterior defects were mainly associated with reduced or absent head structure, consistent with a previously established function of Rho GTPase in controlling the head mesoderm cell migration (Ren et al., 2006; Tahinci and Symes, 2003; Wunnenberg-Stapleton et al., 1999) . Axial gastrulation defects denote polyubiquitinated and monoubiquitinated forms of RhoA, respectively. Unmodified RhoA on the beads and Cul3/hBACURD proteins added into the reaction are shown in the lower three panels. Flag-RhoA N19 was used in (E); WT Flag-RhoA loaded with indicated different nucleotides or the Mg 2+ -free form (Flag-RhoA-EDTA) was used in (F). HC, antibody heavy chain.
Molecular Cell
Ubiquitination of RhoA by the Cul3/BACURD Complex in xBACURD MO-injected embryos was characterized by a failure of the proctodeum to close and spinal bifida, which resulted from inability of the blastopore to close, as well as a shortening of the anterior-posterior axis (Djiane et al., 2000; Sokol, 1996; Wallingford and Harland, 2001 ). These anterior and axial gastrulation phenotypes also appeared in embryos overexpressing RhoA L63, as reported previously (Tahinci and Symes, 2003) and confirmed in our hands ( Figure S18B ). Taken together, our biochemical and functional analysis with Xenopus BACURDs reveals a critical role of the Cul3/BACURD ubiquitin ligase complexes in regulating RhoA-mediated convergent extension cell movements during Xenopus early gastrulation. Table S2 ). Co-knockdown of hRhoA or expression of the RNAi-resistant hCul3 or hBACURDs was carried out to test their rescue effects. Assays were performed as described under Experimental Procedures. Migrated cells on the lower side of the filter were stained with crystal violet and shown in (A). Relative cell migration shown in (B) was determined by counting nine random fields of the filter, and the value from the control RNAi cells was arbitrarily set at 100%. Error bar indicates SD. (C and D) Wound-healing assays of hCul3 or hBACURD knockdown HeLa cells. The siRNA oligos used are the same as those in (A). Confluent HeLa cells treated with indicated siRNAs were scratched by a plastic pipette. Cells were photographed at 0 or 24 hr after wounding (C). The width of the wound was measured to determine the relative wound closure (D), with that of the control siRNA-treated cells arbitrarily set as 100%. Error bar indicates SD.
DISCUSSION
Biochemical Modes of the Cul3/BACURD Ubiquitin Ligase Complex and Its Recognition of RhoA In contrast to the SCF complex, little is known about the biochemical mechanism of Cul3-based complexes. In the best-studied Cul3/Keap1/Nrf2 complex, a Keap1 homodimer recognizes both the DLG and ETGE motif within one Nrf2 molecule (Tong et al., 2006) . We have demonstrated a functional RhoA-targeting Cul3/BACURD ubiquitin ligase complex. However, it remains to be determined whether homo-or heterodimerization of BACURDs is required for assembly of a fully functional Cul3/BACURD complex, as dimerization is a common property for many BTB domains (Stogios et al., 2005) . Indeed, KLHL9 and KLHL13 that mediate ubiquitination of Aurora B stay in a single complex (Sumara et al., 2007) . One useful experiment is to generate dimerization-deficient mutants of BACURDs and test whether they could rescue loss-of-BACURD-induced actin stress fiber phenotypes in cultured cells or developmental defects in Xenopus embryos. Protein ubiquitination is subjected to fine regulation to achieve timely destruction of the substrate. RhoA degradation by the Cul3/BACURD complex must be regulated, given that temporal and spatial control of RhoA activity is crucial for RhoA-regulated biological processes. One possible strategy is through dimerization of the BACURD protein, if dimerization occurs in a regulated manner. Alternatively, posttranslational modifications of RhoA could offer a potential layer of regulation. Moreover, RhoA might exist in a complex with other proteins, and the complex provides multiple substrate recognition surfaces required for maximal Table S1 . recognition and ubiquitination of RhoA by the Cul3/BACURD complex. This hypothesis, if true, could also help to explain why other closely related Rho GTPases, such as RhoB and RhoC, are not targeted by the Cul3/BACURD complex.
Differential Functions of Different BACURD Family Members in Vertebrates
Insects have a single BACURD protein, while vertebrates have evolved multiple highly homologous BACURDs. Statistics analysis indicates that loss of xBACURDb gives more severe gastrulation phenotypes than that of xBACURDa in Xenopus embryos (Table S1 ). This suggests that xBACURDb plays a predominant role in regulating RhoA function during gastrulation, and xBACURDa might regulate other aspects of RhoA function in Xenopus. hBACURD1 and hBACURD2 have comparable binding affinities for Cul3 and RhoA, and both form active ubiquitin ligase complexes toward RhoA in vitro. RNAi knockdown of each of them in HeLa cells causes elevated levels of RhoA and actin stress fiber formation, suggesting that their functions are not completely redundant. Thus, each BACURD in the same cell might control levels of RhoA in a specific population and/or regulate a distinct RhoA-controlled signaling pathway. hBACURD2 was originally identified as one of the tumor necrosis factor (TNF)-induced genes in human endothelial cells (Wolf et al., 1992) . Microarray data mined from the Genomics Institute of the Novartis Research Foundation (http://biogps.gnf.org) suggest that BACURD2 are ubiquitously expressed in various human and mouse tissues, while transcripts of BACURD1 are more enriched in oocytes, germ cells, and some brain tissues. hBACURD3 has higher expressions in lymphoid tissues, lung, smooth muscle, and thyroid, while mouse BACURD3 transcripts are relatively concentrated in ovary, placenta, umbilical cord, and lung. The different expression patterns of BACURDs also indicate their possible tissue-specific functions of regulating RhoA activity under different biological contexts.
The Role of Cul3-Based Ubiquitin Ligase Complexes in Mitosis and Early Embryonic Development
In addition to controlling RhoA protein level, Cul3 is also essential for a normal mitotic progression (Sumara et al., 2007) . A subpopulation of RhoA is localized at the equatorial cell cortex at the site of the nascent cleavage furrow, and its activation plays a key role in contractile-ring and cleavage-furrow formation during cytokinesis (Piekny et al., 2005) . Thus, the Cul3-BACURD pathway might be involved in regulation of RhoA during cytokinesis. The Cul3 RNAi cells proliferate much more slowly than the control cells (data not shown). Deficiencies in the RhoAtargeting Cul3/BACURD complex and the Aurora B-targeting Cul3/KLHL9/13 complex could both contribute to cell growth defects, particularly if BACURDs are involved in regulating RhoA during cytokinesis.
Cul3 is essential for embryonic development in all the tested genetic models. We demonstrate here that the Cul3-BACURDRhoA pathway plays a critical role in Xenopus embryo gastrulation. Knockout of Cul3 in mice results in embryonic lethality prior to 7.5 days of gestation, and the embryos show multiple defects in both embryonic and extraembryonic compartments, including completely disorganized extraembryonic tissues and abnormal trophectoderm (Singer et al., 1999) . Increased levels of free cyclin E were observed in the ectoplacental cone and extraembryonic ectoderm of Cul3 À/À mouse embryos, which leads to a proposal that Cul3 is involved in controlling cyclin E level during G1/S transition, but the required BTB adaptor remains elusive. In Cul3 RNAi HeLa cells, we were unable to detect any changes of endogenous cyclin E level, and flow cytometry analysis revealed no defects in G1/S transition (data not shown). It is unlikely that the early embryonic lethality of Cul3-deficient mice is solely attributed to defective degradations of a subpopulation of cyclin E. Instead, recent studies in Cul3 conditional knockout mice suggest that turnover of cyclin E by Cul3 is involved in maintaining cell quiescence (McEvoy et al., 2007) . The embryonic lethality caused by Cul3 knockout likely results from deficiencies of multiple Cul3-mediated degradation pathways involving different BTB adaptors. As gastrulation is also abnormal in Cul3-deficient embryos (Singer et al., 1999) , malfunction of RhoA could be a major cause of the abnormal development observed with Cul3-deficient mouse embryos.
EXPERIMENTAL PROCEDURES
Plasmids, Antibodies, and Reagents Plasmids, antibodies, and reagents are described in the Supplemental Data. Immunoprecipitation, GST Pull-Down Assay, and Western Blotting Detailed procedures are described in the Supplemental Data.
Fluorescence Microscopy and qRT-PCR HeLa cells cultured on coverslips were fixed with 4% paraformaldehyde (Electron Microscopy Sciences; Hatfield, PA) for 10 min at room temperature (RT), washed with PBS, and then permeabilized for 10 min in PBS containing 0.5% Triton. Drosophila S2 cells were transferred to the poly-L-lysine-treated coverslips before fixation with 4% paraformaldehyde and permeabilization with 0.5% Triton. Cells were blocked in PBS containing 1% BSA and stained with rhodamine-phalloidin (Invitrogen) for 2 hr at RT to visualize the filamentous actin or with RhoA or Rho1 antibody diluted in PBS containing 1% BSA (1:100). Alexa Fluor 488-or 546-labeled secondary antibodies (Invitrogen) were used. Images were acquired using a Zeiss SM 510 META laser scanning microscope. For real-time PCR analysis, total RNA were extracted by TRIzol (Invitrogen) and digested with DNase I (Invitrogen). One microgram of total RNA was reverse-transcribed into cDNA in the presence or absence of the transcriptase SuperScript II (Invitrogen). qRT-PCR analysis was performed using the Power SYBR Green PCR Master Mix (Applied Biosystems; Foster City, CA) on Applied Biosystems 7500 Real-Time PCR System. The expression level of target genes was normalized to that of GAPDH.
Purification of Recombinant Proteins
Detailed procedures for purification of recombinant proteins are described in the Supplemental Data.
In Vitro Binding and RhoA Nucleotide Loading Two micrograms of MBP-hBACURD1 or MBP-hBACURD2 immobilized on amylose beads were incubated with 10 mg of GST or GST-RhoA (WT or mutants) in the binding buffer (50 mM Tris-HCl [pH 7.6], 150 mM NaCl, 5 mM MgCl 2 , 0.5% NP-40, and 0.5 mg/ml BSA) at 4 C for 1 hr. The beads were washed five times with the binding buffer, and bound proteins recovered in the SDS loading buffer were subjected to immunoblotting analysis. To prepare nucleotide-free RhoA, purified RhoA (WT) immobilized on beads was incubated in a buffer containing 50 mM Tris-HCl (pH 7.6) and 20 mM EDTA for 30 min at RT and then washed three times with the buffer containing 50 mM Tris-HCl (pH 7.6), 50 mM NaCl, and 1 mM DTT. To obtain GDP-or GTPgSbound RhoA, 10 mg of nucleotide-free RhoA on beads was loaded with 250 mM GDP or 25 mM GTPgS in the buffer containing 50 mM Tris-HCl (pH 7.6), 50 mM NaCl, and 10 mM MgCl 2 for 30 min at 30 C. For in vitro binding, 10 mg of GST, nucleotide-free GST-RhoA, or nucleotide-loaded GST-RhoA bound on glutathione beads was incubated with 1 mg of MBPhBACURD1 or MBP-hBACURD2 in the binding buffer (50 mM Tris-HCl [pH 7.6], 50 mM NaCl, 10 mM MgCl 2 , and 0.5% NP-40) at 4 C for 2 hr. The beads were washed four times with the binding buffer and analyzed by SDS-PAGE and immunoblotting. For in vitro ubiquitination assay, nucleotide-loaded His-33Flag-RhoA or the nucleotide-free form was used.
In Vivo and In Vitro Ubiquitination Assays
HeLa cells transfected with scramble siRNA or hCul3 siRNAs for 60 hr were treated with 25 mM MG132 for 4 hr. Cells were lysed in 1% SDS buffer (50 mM Tris-HCl [pH 7.6], 150 mM NaCl, 1% SDS, 1% sodium deoxycholate, and 1% NP-40) and boiled for 30 min. The lysates were centrifuged and diluted by 10-fold with a buffer containing 50 mM Tris-HCl (pH 7.6) and 150 mM NaCl. The diluted lysates were precleared by protein G Sepharose for 4 hr at 4 C and subjected to overnight immunoprecipitation using either RhoA antibody (sc-418) or Cdc42 antibody (sc-8401) (as a control). The immunoprecipitates were washed five times with the wash buffer (50 mM Tris-HCl [pH 7.6], 150 mM NaCl, 0.1% SDS, 0.1% sodium deoxycholate, and 0.5% NP-40), eluted with 200 mM DTT-supplemented SDS loading buffer, and analyzed by immunoblotting. For in vitro ubiquitination, 200 ng of GST/Cul3 or GST/Cul3/BTB complexes purified from insect cells were mixed with 60 ng of E1 (BIOMOL International; Plymouth Meeting, PA), 250 ng of UbcH5c (BIOMOL International), 12 mg of Ubiquitin (Boston Biochem; Cambridge, MA), and 300 ng of RhoA (or dRho1) in the reaction buffer containing 50 mM Tris (pH 7.4), 5 mM MgCl 2 , 0.5 mM DTT, 2 mM NaF, and 4 mM ATP. Following incubation at 30 C for 1 hr, reactions were subjected to Flag immunoprecipitation under denaturing conditions as described (Shiio and Eisenman, 2003) . Reactions were terminated by adding equal volume of 2% SDS buffer (50 mM Tris [pH 7.6], 150 mM NaCl, 2% SDS, 1% sodium deoxycholate, and 1% NP-40) and boiled for 30 min. Samples were further diluted by 1-fold with the buffer containing 50 mM Tris-HCl (pH 7.6) and 150 mM NaCl and subjected to Flag immunoprecipitation overnight after preclearing for 2 hr using protein G Sepharose. The beads were washed five times with the wash buffer (50 mM Tris-HCl [pH 7.6], 150 mM NaCl, 0.5% SDS, 0.5% sodium deoxycholate, and 0.5% NP-40) and eluted with 200 mM DTT-supplemented SDS loading buffer. The eluted proteins were analyzed by SDS-PAGE and immunoblotting.
Transwell Boyden Chamber Assay and Monolayer Wounding Assay
The Transwell migration assays were performed as previously described (Wang et al., 2003) . Briefly, cells (2 3 10 4 /well) were plated on the Transwell filters with 8 mm pores (Corning; Lowell, MA) coated with 10 mg/ml fibronectin. Eight hours (for MEF) or twenty-four hours (for HeLa) later, filters were fixed with 4% formaldehyde and stained with 0.4% crystal violet in 10% ethanol. Nonmigrating cells on the upper side of the filters were removed with a cotton swab, and cells on the underside of the filters were photographed. To quantify cell motility, cells stained positively with crystal violet in nine random fields of each filter were counted, and three independent filters were analyzed. In the wound-healing assay, confluent HeLa cells were scratched by a plastic pipette and washed three times with PBS. Images were taken at 0 or 24 hr after wounding, and the wound closure was calculated 24 hr later.
Xenopus Embryo Manipulations and Assays Xenopus assays are described in the Supplemental Data.
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